The measurement of thrust of a pulsed detonation engine is complicated by the inherent unsteadiness. A dynamical model of the structure is first produced and its impulse transfer function is obtained. Next, the system dynamics are deconvolved in the frequency domain from the output using windowing and filtering to reconstruct the input. The results show that non-interfering pulses could be reconstructed well. However, the reconstructed input of interfering pulses is higher than the input.
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I. Introduction
It is obvious that thrust is an important performance parameter for pulse detonation engines (PDEs). 1 Much of the discussion in [1] involves thrust estimates based on gasdynamics parameters. The actual measurement of thrust in a pulse detonation engine is, however, fraught with complications due to unsteadiness and the response of the structure to which the load cell is attached. The complication is partly due to extending conventional thrust measurement techniques to unsteady measurements. It can be noted that steady thrust measurements can be formulated using simple models which lead to accurate values. However, as the structure itself undergoes cyclic accelerations, this unsteadiness which can result in large interference loads must be accounted for.
Recently, unsteady force measurements in impulse facilities such as shock and gun tunnels have been developed. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] These methods generally require identification of the system's dynamic parameters by experiment and finite element modeling. A technique for deconvolving the dynamic response of the structure from the actual thrust that is produced is developed. The method is tested using model functions and also against a simple impulse experiment. The general approach is to first obtain the impulse transfer function of the PDE in a dynamic calibration. This impulse transfer function is then modeled. The dynamic behavior of the system subjected to a sequence of pulses, simulating a PDE operation, is next modeled. It is assumed that the system dynamics of a thrusting PDE is the same as that of the dynamic calibration. Therefore, this model can be used to determine the thrust (input) from a load cell measurement through a deconvolution procedure.
II. Method
In general, the method first requires the determination of the transfer function of the system   t h based on the input loading to the system is   t x and the output is   t y , Fig. 1 . For a linear system, one can write the relationship between the input, the output and the transfer function by the convolution
If the input to the system is known, a deconvolution of Eq. (1) yields the transfer function. Once the transfer function is known, any arbitrary input can be determined from a measurement of the output.
An impulse (delta function)
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Deconvolution of Eq. (3) in the time domain can be a tedious procedure. Thus, in order to obtain the transfer function, the analysis can be performed in the frequency domain and results can then be reverted back to the time domain. In the frequency domain, the transfer function of the system can be written as ) (
From Eq. (4) the input in the frequency domain can be written as ) (
where H(s) is impulse transfer function, Y(s) is the Fourier transform of the output and X(s) is the Fourier transform of the input. Once the output from an impulse is measured or calculated, the transfer function of the system can be determined using Eq. (4). Subsequently, Eq. (5) allows any input to be reconstructed if the output is known. In finite element analysis, the impulse can be simulated as a single triangular pulse of short duration.
III. Results and Discussion
A three-dimensional model, shown in Fig. 2 , is used to simulate the dynamics. The model is a 2 ft long, AISI 306 steel pipe, with internal and external diameters of 0.75 and 1 in. respectively. The pipe is assumed to be free at the end at which force is applied and the other end is fixed. The fixed end is where the response is obtained, i.e., it is where in practice a load cell is mounted to measure the output from a PDE. The finite element model consists of 64 elements and 488 nodes. Natural frequencies and mode shapes of the pipe were obtained by performing a modal analysis. The time step for the unsteady analysis was chosen based on the highest frequency obtained from the modal analysis and is 0.1 ms.
A. Impulse response
A triangular impulse is used to approximate the delta function as shown in Fig. 3 . The peak is 100 lbf at 0.0001 s. The output displayed in Fig. 4 shows high-frequency ringing which damped out. From the output and the input, Eq. (4) then yields the transfer function, whose magnitude and phase spectra are shown in Fig. 5 . Figure 5a shows a resonance peak at 3.967 kHz. The inverse transformation is then applied to the output to produce the reconstructed input as shown in Fig. 6 . As highlighted above, once the transfer function is obtained, it can then be applied to other inputs.
B. Steadystate response
In the next test, a step load of 100 lbf is applied. The output is shown in Fig. 7 and it displays initial, large, high-frequency oscillations due to the response of the structure. Eventually, the oscillations damp away and the output settles to a steady value of 100 lbf. This output was then used to reconstruct a "raw" input   . This window is one of a number with good side-lobe suppression behavior. [18] [19] [20] The raw reconstructed input is then subjected to a low-pass Butterworth filter with a cutoff frequency of 500 Hz. The result is displayed in Fig. 8 which shows that the procedure is able to reconstruct the steady-state input after an initial transient. It is not clear if the initial transient of the reconstructed input is due to the window or to the filter and is the subject of ongoing investigation. is used to simulate a detonation wave with a long Taylor rarefaction. The input and output are shown in Fig. 9 while the reconstructed output, following the procedure outlined above, is shown in Fig.  10 . Figure 9 shows large oscillations in the output that does not appear to capture the input. Figure 10 shows the reconstructed input that appears closer to the actual input. The large oscillations at about 0.035 s may be attributed to the window.
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D. A train of pulses
The output from a pulsed detonation engine is simulated by a train of exponential functions of the form given by Eq. (8). For illustrative purposes, five pulses at 50 Hz are reconstructed. The value of 42500  b allowed the pulses to be considered to be non-interfering. Ten pulses are considered at 100 Hz with the value of 2500  b to represent the case of interference between the detonation waves.
The output for the non-interfering case is shown in Fig. 11 . Low-pass filtering the output does not yield satisfactory results as it removes the high-frequency information. However, the present reconstruction procedure with low-pass filtering at 10 kHz yields satisfactory results as shown in Fig. 12 . The discrepancies at both ends between the input and the reconstructed input are due to wndowing effects. These effects can be corrected but not done so at present.
For the interfering case, the output shows excursions in excess of 100 lbf as shown in Fig. 13 . Following the same reconstruction procedure, the reconstructed input is found to be about 10 percent above the actual input, as shown in Fig. 14 
IV. Conclusions
A method for obtaining the unsteady thrust of pulse detonation engines is proposed. The method utilizes a finite element model to obtain the structural dynamics from each the structure's impulse response can be obtained. Once the impulse response is known, a deconvolution procedure is applied to reconstruct the input. The method was tested against a step input, a single exponentially decaying input as well as a train of exponentially decaying pulses. In general, the reconstruction is good except for the interfering pulse train.
Future work will involve a comparison of different window functions to choose an optimal one. The technique will also be tested against model signals with noise. Finally, the technique will be applied to actual experiments. These involve a standard hammer test with a single or multiple strikes. Testing with actual detonations, single and multiple pulse, are also contemplated.
